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Recent developments in charm physics within the standard model and beyond are reviewed. The 
precision study of leptonic charm meson decays accompanied with the constraints coming from K, 
B and x physics enables to determine constraints on models of new physics. The standard model 
contributions in the D° — D° system are still under investigation including operators of higher 
dimensions. New physics models such as the Littlest Higgs model or warped extra-dimensional 
models might modify the amount of CP violation, although CP violating asymmetries are still 
predicted to be at most of the order 1%. The forward-backward asymmetry in the top anti-top 
pair production at the Tevatron is opening a new window in the study of new physics in the charm 
sector. A few of the models considered to explain the observed asymmetry might modify flavor 
changing neutral current mediated charm processes. New physics searches in rare charm decays 
are discussed. It is pointed out that in most models new physics effects in rare charm decays are 
insignificant. 
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During the last few decades, flavor physics has continuously played an extremely important 
role in constraining models for new physics. Contrary to Flavor Changing Neutral Current (FCNC) 
processes of K and B mesons, charm FCNC physics was not considered very attractive. On the one 
hand, the charm quark sector provides us with an unique opportunity to test the predictions of the 
Standard Model (SM) and its extensions in the up quark sector. On the other hand, the FCNC pro- 
cesses involving charm quarks are strongly affected by the presence of non-perturbative physics, 
since the masses of s and d quarks dominating the SM loop contributions are smaller than QCD 
scale. Additionally, in the AC = 2 and FCNC AC = 1 transitions GIM cancellations play a very im- 
portant role. The down quarks are now intermediate states and when their masses are accompanied 
by appropriate CKM matrix elements often strong cancellations occur. This makes precise SM 
predictions and searches for New Physics (NP) rather difficult. Finally, in many theoretical studies 
the b quark can be treated as static, while the c quark is not heavy enough and corrections of higher 
orders in l/m c expansion become very important. This lecture discusses recent results on charm 
meson leptonic and semileptonic decays, D° — D° oscillations, CP violation in the charm system 
and rare charm decays. Theoretical improvements within SM are considered and confronted with 
recent experimental results. Concerning search for NP, correlations between AC = 2 and AC = 1 
processes are discussed, but also interplay of NP in K, B and charm sectors. Implications of NP 
searches involving charm for the recent intriguing results at the Tevatron in the top anti-top pair 
production are discussed. 

1. Leptonic charm decays 

Charm meson leptonic decays are very useful in providing an independent determination of 
the CKM matrix elements V cs and V c d, but also a possibility to test theoretical tools such as Lattice 
QCD and investigate the validity of heavy quark and operator product expansions in addressing 
perturbative and power corrections. Important nonperturbative parameters entering the discussion 
are the decay constants fp defined as < Q\qy^y=,c\D q (p) >= ifn.Vv- During the past six years the 
experimental results from CLEO, Belle and BaBar had disagreed with Lattice QCD results (the so- 
called "D. s puzzle"), stimulating many NP analyses. The results of the most recent lattice study of 
Fermilab Lattice and Milk Collaboration [|I|] are however in good agreement with the latest HFAG 
world average experimental values [§] 

= 261 ± 8 ± 5 MeV, = 2513 ± 5.3MeV, 
(/o s //o) lat = 1.19. ±0.01 ±0.02 MeV. (1.1) 

Although the disagreement between lattice and experimental results has almost disappeared, lep- 
tonic charm decays still offer many useful constraints on NP. It was pointed out in [^] that charged 
Higgs or leptoquarks can contribute at the tree level. In scenarios with a charged Higgs interfer- 
ing with the SM, useful bounds on tan/3 vs. the mass of the charged Higgs can be obtained, as 
presented in [Q, The presence of weak triplet, doublet or singlet leptoquarks in charm meson 
leptonic decays was investigated in [Qj. The triplet leptoquarks with electric charge —1/3 can con- 
tribute to D q ->■ iV( but also to T — > r\[l, T — > K —t /xv^, K + -> n + vv, K L -> jU + /i~ and to 
the ratio BR(t — »■ nv)/BR(n — >■ jltv). Altogether, these observables exclude the triplet leptoquarks 
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from affecting significantly the D q — > Zv/ mode. The doublet leptoquark on the other hand, can 
mediate Ki — > jU + jU~ and X — > T\pL. Then, the recent Belle upper bound on the branching ratio of 
D° — > H + IJ.~ excludes also the doublet leptoquarks from affecting D s — > [iv, while the tau mode is 
still unconstrained. The Lagrangian describing the singlet leptoquark includes two terms. One of 
them can be matched to the R-parity violating minimal supersymmetric SM, where the interaction 
term of a right-handed down squark to quark and lepton doublets is present. However, both terms 
in the Lagrangian are necessary to to avoid bounds coming from BR(K — > plv)/BR{t — > Kv). As 
in the doublet case, the lack of experimental information on up-quark FCNCs involving tau leptons 
then leaves open the verdict on the singlet leptoquark contribution to the D s — > TV decay width. 



2. Semileptonic charm decays 

Inclusive charm meson decays can be used as a laboratory to test the operator product ex- 
pansion techniques used in the extraction of \V u b\ from inclusive semileptonic B decays. In this 
approach, a handle on the so-called weak annihilation contributions is very important to control 
theoretical uncertainties. Recent analyses of perturbative a s and 1 /m c power corrections in charm 
meson inclusive semileptonic decays show that there is no significant indication of weak annihila- 
tion contributions [f7], §]. 

Regarding the exclusive semileptonic modes, a recent lattice study of the semileptonic form 
factors in D — > Klvi [Q] finds for the vector form factor at zero lepton momentum squared /+ (0) = 
0.747 ± 0.01 1 ± 0.015. Comparing this value to the recent experimental results, the relevant CKM 
matrix element is found to be |V CJ | = 0.961 ± 0.01 1 ± 0.024. 



3. D°-D° oscillations 

The D — D° system is the only neutral meson system of valence up-type quarks. Within the 
SM, the mixing of the two flavor eigenstates is driven by intermediate states of down-type quarks. 
Among them, the b quark contributions are negligible due to the smallness of the relevant CKM 
matrix elements. The masses of s and d quarks are however, smaller then the nonperturbative QCD 
scale Aqcd implying that long distance contributions can dominate the dynamics of the D° — D° 
system. A recent fit by HFAG [§] for the four experimentally relevant observables yields 

x D = ^£ = (0.63^)%, y D = ^ = (0.75 ±0.12)%, 

1^1 = 0.911^, * = (-10.2t&r. (3.1) 

The phase is defined as <1> = Arg{q/ p). AM and Ar do not give any information on CP violation, 
while \q/p\ ^ 1 and <I> ^ {0,±7r} would signal the presence of CP violation in the charm meson 
system. However, this can be completely due to SM dynamics. There are presently two approaches 
to estimating the SM contributions: inclusive approach, based on the assumption of quark-hadron 



duality [1C, 11, 12], and the exclusive approach, based on the study of individual decay channels 
contributing to the mixing of D mesons [|13, 14, 15]. Both approaches suffer from large theoretical 
uncertainties. 
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The authors of [ |T6| ] recently investigated the SM CP violating effects in D-mixing within the 
inclusive approach, including perturbative a s as well as l/m c power corrections to the absorptive 
part of the mixing amplitude of neutral D mesons. In D° — D° system l/m c corrections are sup- 
pressed by fourth power of m s in xd and by the sixth power in yo- It was shown that dimensions 
6 and 7 operators lead to 10000 smaller value of Ti2 than the current experimental value. Due to 
the strong GIM cancellation it might happen that the operators with the dimension 9 or 12 give 
dominant contributions. The authors suggest that "CP violating effects in charm meson system of 
the order of 10~ 3 to 10~ 2 are an unambiguous sign of new physics" [ 16] . 

In the exclusive approach the contribution of the sum of intermediate hadronic states is esti- 
mated. Recenly [|l5|] the sum of all two body intermediate states was reinvestigated, based on the 
fact that 63% of hadronic D decays are two-body decays. The remaining multi-body hadronic 
decays contribute much less, particularly when cancellations among them are included into consid- 
eration. The contributions considered in [ |l5| ] are found to be primary from the P P and V P modes 
leading to the estimates xd ~ 10~ 3 and yo ~ 10~ 3 . As pointed out already in [17] xo ~ 1% and 
yo ~ 1% are possible within the SM. Due to the large uncertainty one cannot subtract these values 
from the experimental results and claim that the difference is due to new physics. Usually, the 
experimental values of xo and yo themselves are used as constraints on possible NP contributions, 
requiring that these do not exceed the experimental errors. 

If the masses of intermediate NP particles are above the electroweak scale one can integrate 
out these heavy degrees of freedom and consider effective AC = 2 Lagrangian. At the scale of the 
charm quark mass these contributions are modified by the strong interaction effects. The running 
QCD effects has been known for some time [18, [19|, [20| ]. Taking operator mixing into account, 
the real and imaginary parts of the corresponding Wilson coefficients at the electroweak scale have 



been recently constrained [21, E2L 23 ] 



Among the possible new flavor structures beyond the SM, Minimal Flavor Violation (MFV) 
offers an interesting possibility that the NP shares the structure of the SM Yukawa terms. Promoting 
the Yukawa matrices to spurionic fields, transforming as F„(3,3,l) and 7j(3,l,3) under the SM 
flavor group G = SU (3)g x SU (3)u x SU (3)o, the NP Wilson coefficients entering the effective 
Lagrangian, have to involve powers of Y d Yj and Y u Yj. Within a non-linear realization of MFV the 
authors [^] found that the phase <I> in the D — D° system can be related to the CP- violating phase 
7 entering B physics observables. 

Lately a number of models of NP beyond MFV framework have been tested in the D — D 
system. In models where new flavor violating effects have been moved to the up sector, the leading 
constraints come from charm physics. The fourth generation as the simplest SM extension in the 
flavor sector, has attracted a lot of attention (c.f. [26]). In [26] the strongest bounds on iV^Vc^'l 
were derived from the D-mixing analysis for the mass of b' ranging from 200 — 500 GeV 



4. Implications for the top quark sector 

The measured forward-backward asymmetry in the tt production and especially at high invari- 
ant masses of the tt system at the Tevatron offer new opportunities for new physics searches at low 
energies. It is very intriguing that only the measured asymmetries deviate from SM predictions, 
while the measured production cross section and invariant mass spectrum are in reasonably good 
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agreement with SM predictions. Among many models (see e.g. [27]), the exchange of a colored 
weak singlet scalar in the u-channel and its interference with the SM contribution can accommodate 
all relevant observables measured at the Tevatron. Such state appears in some of the grand unified 
theories and its interactions with the up-quarks are purely antisymmetric in flavor space. The re- 
sulting impact on charm and top quark physics has been systematically investigated in [p8|]. It turns 
out that one of the most important constraints on the relevant couplings comes from the experimen- 
tally measured observables related to D° — D° oscillations While the tt phenomenology requires 
the u — t coupling with the exotic scalar state of the order 1, the corresponding c — t coupling en- 
tering the box mediated cu O uc, is then constrained by D-mixing to be two orders of magnitude 
smaller. In a class of grand unified models it has been demonstrated that these constraints affect 



the up-quark Yukawa couplings leading to a lopsided up-quark mass matrix [29] . Models with 



a color sextet weak singlet scalar can also explain observed asymmetries at the Tevatron without 



significant modifications of the cross section for the tt production (see e.g. []27[]). However, in 
D° — D° oscillations the color sextet can contribute already at the tree level [30], resulting in even 



more severe constraints on the u — c sextet coupling. Likewise, a new flavor changing Z' gauge 
boson is also successful in accomodating the Tevatron tt observables. However, the Z' mediation 
of the D° — D° oscillations at the tree level again requires the cuZ' coupling to be orders of mag- 
nitude smaller than the tuZ' . On the theoretical side such alignment imposes questions about the 
underlying flavor structure of such models. 

5. New CP violation in charm 

The Littlest Higgs model with T-parity (LHT) offers an appealing solution to the Higgs hier- 
archy problem without causing problems with the electroweak constraints. It introduces a discrete 
symmetry called T-parity, under which the new particles can be odd so that they contribute to pro- 
cesses of SM particles only at the loop level. The model contains three new families of mirror 
quarks and consequently two additional CP violating phases. Parameters describing these new 



degrees of freedom can then be related to CP asymmetries in K, B and D decays of [ pl[ ] found 
that LHT model can produce observable CP violating effects in the charm system. In the case of 
nonleptonic neutral charm meson decay to Ks<& two CP violating quantities 5/ and asr(D Q ) offer 
tests of LHT dynamics [[32|]. It is interesting that indirect CP violation in the nonleptonic decays 
D° — > D° — > K + K and D° — > ^>Kg will create the same asymmetries. If experiment will 

find different CP asymmetries, then they have to be the result of direct CP violation. The authors 
of [32] noticed that an enhancement factor of two in a^'p is possible for the unconstrained set of 



parameters. 

On the other hand, in the Randall - Sundrum model studied in [33] the CP violating pa- 
rameters can reach S<$k s £ [0.25,0.15] and cisl(D ) £ [—0.75,0.4] for the set of model parameters 
constrained by \sk |, Z° — >■ bb, and Bj — Bj oscillations and assuming Ff 2 = —0.02 and 0.02 ps _1 . 



6. Rare charm decays 

In the SM the contribution coming from penguin diagrams in c — > uy transition is strongly 
GIM suppressed giving a branching ratio of order 10~ 18 [34], while the QCD corrected effective 
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Lagrangian gives BR(c — > uy) ~ 3 x 10~ 8 [36]. A variety of models beyond the SM have been 
investigated and it was found that the gluino exchange diagrams [|7|] within the general minimal 
supersymmetric SM (MSSM) might lead to significant enhancements. With the updated constraints 
it was found that ^ T(c -> uy) /T D o < 8 x 1(T 7 . 

Likewise, within the SM the c — > ul + l~ amplitude is given by the y and Z penguins and 
W box diagrams at one-loop electroweak level. It is dominated by the light quark contributions 
in the loops. The leading order rate for the inclusive c — > ul + l~ calculated within SM [?] was 
found to be suppressed by QCD corrections [35]. Inclusion of renormalization group equations 
for Wilson coefficients gave an additional significant suppression [ ft(i| ] leading to the rates T(c — > 
ue + e~)/T D o = 2.4 x 1(T 10 and T(c -s- u}X + }X~)/T d q = 0.5 x 1(T 10 . These transitions are largely 
driven by virtual photon contributions at low dilepton mass. The leading contribution to c — > ul + l~ 



in the MSSM with the conserved R parity comes from one-loop diagrams [|3^, |37|] with gluino 
and squarks in the loop. It proceeds via virtual photon and significantly enhances the c — > ul + l~ 
spectrum at small dilepton mass m//. The effects of the extra heavy up vector-like quark models on 
the decay spectrum of D + — > n + l + l~ and D+ — > K + l + l~ decays were also considered [39]. It was 
found that there is a tiny increase of the differential decay rate in the region of large dilepton mass. 

Recently D° — > yy and D° — > were reconsidered in pi]]. The result for the short and 
long distance contributions are BR 2 SD ' oops (D° -> yy) ~ (3.6-8.1) x 1(T 12 , BR 2 SD loops (D° -> yy) ~ 
(3.6 — 8.1) x 10~ 12 . Current bound is quite weak with BR exp (D Q -4 yy) ~ 2.7 x 10~ 5 and it seems 
that real improvements can be achieved only at the Super Flavor or the Super Tau-Charm factory. 
Short distance contributions in D — > l + l~ decay lead to a very suppressed branching ratio in the 
SM. Therefore it is natural to consider it is as an ideal testing ground for NP effects. Reference 
[ |4T| ] considered contributions coming from yy intermediate states due to long distance dynamics in 
D° — s> 77 arriving at the value BR(D° — s- }X + }JL~) ~ (2.7 — 8) x 10~ 13 . According to their calcula- 
tions, the LHT model can enhance the branching ratio for a factor of 2. 

In [18, 17] an operator product expansion has been used to obtain the effective Hamiltonian 
and explore the correlations of the NP in D° — D° oscillations and D° — > /i + jU~. Although NP 
contributions are dominant in this decay channel they in the best case (vector-like quark models) 
[18, 17] increase the rate by a factor of 100. The experimental bounds on D° — > have recently 
been improved by the Belle collaboration to BR{D° — > /x + /i _ ) < 1.4 x 10~ 7 and BR(D° — >• e + e~) < 
7.9 x 10~ 8 & 



7. Conclusions 



The accumulated data on charm physics give new insights into SM contributions and further 
improvements of the theoretical tools are still possible. In particular the complete knowledge of 
the long distance contributions in the xu and yu observables in D° — D° oscillation is still lacking. 
Therefore, NP constraints could still be improved. The search for CP violating signals has pro- 
gressed and a lot of models of new physics have predicted increase of CP violating asymmetries 
relative to SM results. However, they all of the order 1%. The rare decay modes can be enhanced 
by at most two orders of magnitude in most SM extensions, still far bellow the current experimen- 
tal precision. The anomalous behavior of the tt production at Tevatron opened new paths in the 
study of NP effects in the charm sector. If the measured asymmetries remain, this will require new 
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insight into NP in charm as well. With current searches at LHCb and with future planned facilities 
including the charm physics program, we expect a stimulating and fruitful era for charm. 
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